Abstract. Flock House virus (FHV) is a nonenveloped, icosahedral insect virus whose genome consists of two molecules of single-stranded, positive-sense RNA. FHV is a highly tractable system for studies on a variety of basic aspects of RNA virology. In this review, recent studies on the replication of FHV genomic and subgenomic RNA are discussed, including a landmark study on the ultrastructure and molecular organization of FHV replication complexes. In addition, we show how research on FHV B2, a potent suppressor of RNA silencing, resulted in significant insights into antiviral immunity in insects. We also explain how the specific packaging of the bipartite genome of this virus is not only controlled by specific RNA-protein interactions but also by coupling between RNA replication and genome recognition. Finally, applications for FHV as an epitopepresenting system are described with particular reference to its recent use for the development of a novel anthrax antitoxin and vaccine.
Introduction
Flock House virus (FHV) was originally isolated from grass grubs collected in the vicinity of the former Flock House agricultural station on the North Island of New Zealand [1, 2] . FHV is a nonenveloped, icosahedral virus belonging to the family Nodaviridae, whose members are characterized by genomes consisting of two molecules of single-stranded, positive-sense RNA [3] . FHV has furthermore been classified into the genus Alphanodavirus, whose members naturally infect insects, as opposed to the genus Betanodavirus, whose members are pathogenic to fish.
A schematic representation of the genomic organization of FHV is shown in Figure 1 . The bipartite genome of this virus consists of RNA1 (3.1 kb) and RNA2 (1.4 kb), and both RNAs are co-packaged into a single virion [2, 4] . The 5'-ends of these RNAs are capped but their 3'-ends are not polyadenylated [5 -7] . RNA1 contains an open reading frame for the synthesis of protein A (112 kDa), which serves as the RNA-dependent RNA polymerase (RdRp) for the amplification of both genomic strands as well as a 387-nucleotide subgenomic RNA (RNA3) [8 -10] . This subgenomic RNA, which is not packaged into virions, corresponds to the 3'-end of RNA1 and carries two open reading frames. One of these is in the +1 reading frame relative to protein A and encodes B2 (106 residues), which is required for suppression of RNA silencing in infected hosts [11] . The other matches the protein A reading frame and encodes B1 (102 residues). The function of B1, which represents the C terminus of protein A, is currently unknown. RNA2 encodes the precursor of the coat protein (protein alpha; 43 kDa) [8] . During assembly, 180 subunits of this protein assemble into a precursor particle called provirion [12] . Provirions are not infectious and undergo an autocatalytic maturation process in which protein alpha cleaves into proteins beta (38 kDa) and gamma (5 kDa). Both cleavage products remain associated with mature, infectious virions [13] . The combined length of RNA1 and RNA2 is 4507 nucleotides, one of the smallest genomes of all known animal viruses. This property, together with the simple genomic organization of FHV and its abundant replication in a wide variety of cells [5, 14 -17] , makes FHV a highly tractable system for studies on a variety of basic aspects of virology, including RNA replication, specific genome packaging, and virus structure and assembly. In addition, FHV serves as a valuable model system for studies on innate immunity in insects, particularly the induction and suppression of RNA silencing. In this review we describe recent insights into the biology and biotechnological applications of FHV not covered by previous reviews of this virus and the family Nodaviridae [5, 18 -21] .
FHV genome replication
Positive-strand RNAviruses, like FHV, deliver to their host cells messenger-sense viral RNAs, which are first translated and then amplified by virus-encoded RdRps through negative-strand RNA intermediates. Progeny RNA serves as template for additional rounds of replication and synthesis of viral proteins. In addition, these RNAs are specifically incorporated into new virus particles. In the case of FHV, RNA replication is accompanied by addition of cap structures to the 5'-ends of progeny RNA and the synthesis of a capped subgenomic RNA (sgRNA) that is derived from RNA1. Protein A is the only FHV-encoded protein required for these processes and also suffices for the establishment of oligomeric, membrane-associated complexes in which the viral RNAs are replicated [5, 22 -27] . FHV RNA replication complex establishment. The assembly of (+)-strand RNA viral replication complexes is typically associated with extensive modifications of specific intracellular membranes [28] . For many viruses, including nodaviruses, alphaviruses and tombusviruses, these modifications involve membrane invaginations representing 50 -70-nm spherical structures or spherules with necks that open into the cytoplasm [26, 29, 30] . In the case of FHV, spherules are formed within the outer membrane of mitochondria in infected cells (Fig. 2 ) [26] . The N terminus of protein A functions both as a mitochondrial targeting signal and as transmembrane domain for the tight association of this protein with membranes [25] . The transmembrane domain spans residues 15 -36 and anchors protein A in outer mitochondrial membranes with its N terminus in the inner membrane space, while the bulk of this protein is exposed to the cytoplasm. It is likely that general cellular pathways for mitochondrial association are exploited by A C H T U N G T R E N N U N G protein A for mitochondrial association, because its targeting signal shows similarities to those of other outer-mitochondrial membrane resident proteins [31, 32] . For example, a configuration required for the mitochondrial association of mitochondrial import receptor Tom20, i.e., a hydrophobic transmembrane domain closely followed by a charged residue, is also present at the N terminus of protein A [31] . It was originally thought that a role of heat shock protein 90 (Hsp90) in the establishment of FHV RNA replication complexes provided support for the notion that endogenous targeting pathways are used for mitochondrial trafficking of protein A, given that Hsp90 has a known function in mitochondrial trafficking of certain cellular proteins [33] . However, additional studies demonstrated that Hsp90 is neither required for the post-translational modification of this protein nor for its subcellular targeting [34] . Instead, Hsp90 was shown to be required for the efficient translation of protein A by a yet unidentified mechanism. In addition to its mitochondrial targeting domain, protein A also contains multiple domains for the recruitment of FHV genomic RNAs to a membraneassociated state where they serve as templates for (-)-strand RNA synthesis [27] . These domains were shown to significantly increase RNA1 accumulation in the absence of RdRp activity in Saccharomyces cerevisiae but not in Drosophila melanogaster cells. Additional studies indicated that this discrepancy could be attributed to differences in the inherent stability of RNA1 within these hosts. Taken together, these results correlated RNA half-life with membrane association in S. cerevisiae, suggesting that viral RNAs are sequestered into a protective environment within spherules by protein A. This hypothesis is substantiated by studies showing that the resistance of Brome Mosaic virus (BMV) RNA3 to ribonucleases was markedly increased when this RNA had been recruited into spherules by BMV protein 1a [35] . Positive-strand RNA viruses replicate their RNAs on a variety of different intracellular membranes, raising the question if an individual virus requires host factors and/or chemical properties offered by a specific type of membrane for the establishment of functional RNA replication complexes. Specific membrane requirements have been proposed for BMV, whose replication requires a particular concentration of unsaturated fatty acids within host cells [36] . However, molecular biological studies on the N-terminal subcellular targeting signal of FHV protein A suggest that its assembly into functional replication complexes is not subject to specific intracellular membranes [37] . In these studies, the N-terminal targeting sequence of protein A was modified to retarget this protein to the [38, 39] . In addition, studies on partially purified FHV RNA replication complexes implicated a role for membrane dynamics in the (+)-strand RNA synthesis step of RNA replication [38] . In these experiments, crude RdRp complexes were able to synthesize (-)-sense RNAs from exogenous (+)-sense templates, which resulted in formation of double-stranded RNA intermediates. However, synthesis of the true products of replication, single stranded (+)-sense RNAs, depended on the addition of glycerophospholipids to assay mixtures, suggesting that a continuous influx of these lipids into spherules is required for functional RdRp complexes.
Ultrastructure of FHV RNA replication complexes.
The formation of spherules in the outer membranes of mitochondria causes severe alterations in mitochondrial architecture (Fig. 2 ) [24, 26] . At early times of FHV infection, affected mitochondria may exhibit compressed matrices and expanded intermembrane spaces due to the presence of spherules within the double membranes of these organelles. At later phases, the dissolution of ultrastructural features such as cristae and the excessive swelling of matrices generally result in the formation of large cup-shaped organelles that have lost all resemblance to their original appearance [24] . Certain sections through these deformed organelles reveal vesicle packets that are highly similar to membrane structures described within cells supporting hepatitis C virus replication [24, 40, 50] , suggesting parallels between membrane rearrangements mediating the replication of FHVand flaviviruses.
The ultrastructure and molecular organization of membrane-bound FHV replication complexes have been characterized in greater detail than those of any other RNA virus. Specifically, using electron microscope tomography of thin-sectioned FHV-infected Drosophila cells, Kopek and colleagues [24] reconstructed a three-dimensional image of viral replication complexes associated with the mitochondrial spherules (Fig. 2) . These studies, combined with results from other experiments, demonstrated that spherule membranes are continuous with the outer mitochondrial membranes. In addition, it was shown that the contents of every spherule is linked to the cytoplasm via a membranous channel located at the neck of the spherule. Immunogold-labeling and immunofluorescence experiments convincingly associated protein A and (+)-strand RNA synthesis with these spherules [24, 26] . The diameter of the channels connecting the spherules to the cytoplasm was found to approximate 10 nm, which is sufficient for the transit of ribonucleotides and (+)-sense RNAs during RNA replication [24] (Fig. 2D) . Measurements of the interior surface area and volumes of individual spherules furthermore revealed important information concerning the organization of RNA replication complexes [24] . Protein A molecules appear to be tightly packed along the cytoplasmic face of each vesicle. The measured surface area of each of these structures would provide sufficient room for 150 closely packed protein A molecules. This is in agreement with biochemical and tomographic measurements of approximately 100 molecules per spherule and prior data showing that protein A can self-interact in vivo [22, 24] . In addition, volumetric analyses demonstrated that each spherule can provide more than enough internal room for the containment of double-stranded intermediates of RNA replication. Biochemical measurements of approximately one (-)-sense copy of FHV RNA1 and two (-)-sense copies of RNA2 per spherule furthermore support a widely accepted hypothesis that each vesicular RNA replication complex sequesters a low number of (-)-sense RNA intermediates. These enclosed RNAs then serve as templates for the transcription of abundant copies of (+)-strand viral RNAs, which are exported to the cytoplasm for translation and specific packaging into virions.
FHV RNA replication. A domain spanning amino acids 513 -752 of protein A is most probably central to its RNA replication activities [23] . This domain contains six of the eight conserved motifs previously identified for RdRps of (+)-strand RNA viruses [23] .
One of these motifs, a glycine-aspartate-aspartate (GDD) box that is required for the polymerization activities of all known polymerases, is also required for protein A-dependent RNA replication [27, 41 -43] . High-resolution structural information on FHV protein A is currently not available. Likewise, the structures of RNA elements that serve as recognition site(s) for initiation of RNA1 and RNA2 replication by protein A are largely unknown. In contrast, the location of signals in the primary sequence of the genomic RNAs that are critical for replication have been mapped out in considerable detail. RNA replication depends on cis-acting elements at the 5' and 3' termini and is sensitive to truncations and extensions to these termini [44 -46] . Negative-strand synthesis is governed by elements within the 3'-proximal 108 and 50 nucleotides of (+)-sense RNA1 and RNA2, respectively, while as little as 3 -14 nucleotides at the 3'-ends of negative strands are sufficient for positivestrand RNA synthesis [44, 46 -48] . The element within the 3'-terminal region of (+)-sense FHV RNA2 has a predicted secondary structure consisting of two stem loops that is also discernible for other alphanodaviruses, while conserved sequences or secondary structures are not obvious within the 3' termini of (+)-sense RNA1 [23] . RNA replication is also governed by internally located cis-acting elements on the positive strands of both genomic RNAs: for RNA1 between nucleotides 2322 -2501 and for RNA2 between nucleotides 520 -720 [46, 48, 49] . In addition to these molecular determinants, RNA replication appears to be dependent on the oligomerization of protein A [22] . However, it is still unknown whether oligomerization is directly required for enzymatic activity of protein A or indirectly for allowing spherule formation in the outer membrane of mitochondria. Protein A is also necessary for the synthesis of an sgRNA called RNA3 that contains the 3'-terminal 387 nucleotides of RNA1 [9] . The synthesis of RNA3 requires long-distance base pairing between two cis elements on RNA1: a short distal subgenome control element (DSCE) located 1.5 kb upstream of the RNA3 start site and a longer proximal subgenome control element (PSCE) located directly upstream of the start site [48] . Computer modeling predicts that base pairing between these elements most probably results in the formation of two helices, each consisting of approximately 6 bp. In support of this, it was shown that mutations disrupting these helices also abrogated RNA3 synthesis, while the restoration of helix formation re-established the synthesis of this sgRNA [48] . In addition, assays for the in vivo selection of RNA3 replication demonstrated that the synthesis of this RNA depended on the selective reversion of randomized DSCE sequences to sequences that were complementary to PSCE. It is highly likely that DSCE/PSCE helices promote the premature termination of negative-strand RNA1 synthesis, which would result in the synthesis of (-)-sense RNA3 strands [48, 51] . The positioning of these RNA structures directly adjacent to the RNA3 start site and the ability of (-)-sense RNA3 transcripts to act as templates for (+)-sense RNA3 synthesis support this hypothesis. These findings do, however, not rule out an alternate mechanism whereby RNA3 is synthesized from an internal promoter on (-)-sense strands of RNA1 [51] . Replication of RNA3 independently of RNA1 requires a cis-element located in the 3'-terminal 50 nucleotides of (+)-strand RNA3 [47] . RNA3 fulfills an important role in the regulation of FHV gene expression by acting as a transactivator of RNA2 replication [48, 52] . This regulatory role for an RNA whose production is dependent on the synthesis of RNA1 most probably gives RNA1 replication an edge over RNA2 replication during the initial stages of infection, when RNA1 translation products are required for the establishment of viral replication complexes [52] . These complexes would then be in place at later stages of infection for the replication of RNA2 when sufficient levels of RNA3 had been synthesized for RNA2 transactivation. This type of regulation provides a reasonable explanation for the observed organization of the FHV lifecycle into two phases: an early phase in which sufficient levels of protein A molecules are translated to enable the establishment of functional replication complexes for RNA replication, and a later phase in which coat protein translation from RNA2 is up-regulated to high levels to promote virion assembly [20] . RNA3 does not only transactivate RNA2 replication but its synthesis is repressed at the onset of RNA2 replication [53, 54] . The down-regulation of RNA3 most probably prohibits disproportionately high RNA2 to RNA1 ratios within FHV-infected cells [52] . This suggests an additional function for RNA3 in coordinating the synthesis of RNA1 and RNA2 by a feedback inhibition mechanism. Mechanisms such as these are undoubtedly of fundamental importance to viruses with segmented genomes such as FHV, ensuring the synthesis of genomic RNA segments at ratios that are optimal for processes like RNA replication, gene expression and virus assembly.
Unresolved issues regarding FHV RNA replication within spherules. Molecular mechanisms for RNA replication have been studied in significant detail but little is known about how these processes are accommodated within oligomeric RNA replication complexes. The application of FHV for the generation of the first three-dimensional model of an RdRp complex places this virus at the forefront of research into this important gap in our current knowledge [24] . Important questions for future studies on the replication of FHV RNAs within these cellular substructures include:
I. Are RNA1 and RNA2 synthesized within separate spherules? The transactivation of RNA2 replication by an sgRNA derived from RNA1 argues that these genomic segments are not replicated in separate spherules [24] . In addition, it has been shown that protein A switches
Cell. Mol. Life Sci. Vol. 65, 2008 Review Article templates in vivo to generate heterodimers consisting of head-to-tail junctions between RNA2 and RNA3 [55] . However, these RNA2-RNA3 associations do not rule out the possibility that RNA3 could be transported between RNA1-and RNA2-containing spherules. II. Is only a fraction of spherule-enclosed protein A molecules engaged in RNA replication, while the rest functions in spherule formation and/or structural integrity? Alternatively, could all of these molecules contribute to an oligomeric framework for cooperative RNA replication? The latter possibility is supported by studies on two-dimensional arrays formed by purified poliovirus RdRp, which showed that the disruption of quaternary interactions required for the structural integrity of these arrays resulted in a marked decrease in cooperative RdRp activity [56] . In addition, a correlation has been drawn between RdRp oligomerization and the cooperative synthesis of HCV RNAs [57] . III. How are the specific RdRp activities of protein A regulated? For several RNA viruses, the proteolytic processing of precursor polyproteins is required for the different steps of viral RNA synthesis. For example, it has been shown that the successive cleavage of the sindbis virus polyprotein P1234 generates specific enzymes for (-)-strand RNA synthesis, (+)-strand RNA synthesis and sgRNA synthesis [58, 59] . However, mechanisms such as these are clearly not applicable to protein A, raising the intriguing possibility that particular multimeric states of this protein within spherules could account for these specific activities [22] . Alternatively, the assembly of spherules could induce distinct protein A conformations that are specific for certain enzymatic functions.
RNA replication requires suppression of RNA interference in invertebrate hosts [11] . Biochemical studies of B2 showed that the protein binds tightly (K D~1 nM) to long and short dsRNA in a sequence-independent manner [16, 60] . Limited proteolysis and heteronuclear NMR analysis localized the dsRNA binding domain to residues 1 -73 [60, 61] . A co-crystal structure of this N-terminal fragment with a synthetic 18-bp palindromic RNA substrate revealed how B2 recognizes dsRNA and provided a basis for the mechanism by which it suppresses RNAi (Fig. 3 ) [60] . B2 binds dsRNA as a dimer that is formed by antiparallel association of two monomers. Each monomer is composed of three alpha helices, two of which form a helix-turn-helix motif, while the third, shorter helix is perpendicular to the other two. Together, the two subunits form a four-helix bundle that recognizes the distinct geometry of A-type duplex RNA. Specifically, B2 recognizes two successive minor grooves and the intervening major groove on one side of the RNA duplex. All of the interactions are established with the phosphodiester backbone of the RNA, explaining the sequence-independent mode of recognition. The contacts between RNA and protein are based on electrostatic interactions, hydrogen bonds and van der Waals contacts. The structure of the N-terminal fragment, albeit in the absence of dsRNA, was also determined by NMR [61] . This study confirmed that the dimeric, four helix bundle exists prior to binding of B2 to its RNA substrate. The interaction of B2 with one face of the RNA duplex suggests that multiple copies may bind to longer dsRNAs. For example, three B2 dimers can be modeled on a 24-bp-long RNA [60] and this is in line with results from binding stoichiometry, ultracentrifugation and cross-linking experiments, which indicate that several B2 dimers are bound to dsRNAs 35 bp in length. Supporting evidence for this idea also comes from the observation that B2 inhibits Dicer cleavage of long dsRNAs in vitro [60] . Together, the structural and biochemical data led to the proposal of a mechanism by which B2 inhibits RNAi at two distinct steps. First, by effectively coating long dsRNAs, B2 prevents their cleavage by Dicer and 2680 P. A. Venter and A. Schneemann Flock House virus thus inhibits formation of siRNAs. Secondly, by virtue of its ability to bind tightly to siRNAs, B2 prevents incorporation of siRNAs into RISC thereby inhibiting cleavage of target RNAs [60] . B2 was the first suppressor of RNAi identified in an animal virus, specifically an insect virus. At the time of this discovery it had not yet been established that insects use RNAi as a defense mechanism to control viral infection. This was subsequently confirmed in two studies that used different approaches to show that B2 is critical for FHV infection not only in cultured Drosophila cells but also in Drosophila embryos and adult flies. The strategy used by Galiana-Arnoux et al. [62] employed transgenic flies that carried a chromosomally integrated cDNA copy of either wild-type (wt) RNA1 or a variant that could not give rise to B2. Adult flies containing the wt RNA1 transgene synthesized not only high levels of RNA1 but also RNA3. This indicated that the RdRp encoded by RNA1 recognized its own transcripts as template for RNA-dependent RNA replication, which led to synthesis of the subgenomic RNA3. Indeed, both positive-sense and negative-sense RNA1 and RNA3 transcripts were detectable by Northern blot analysis of total RNA extracted from these flies. In addition, genetic crosses of flies containing the gene for RNA1 with those containing the gene for RNA2 produced abundant amounts of FHV particles that rapidly killed progeny flies upon reaching adulthood. These observations were in stark contrast to those obtained with flies containing the cDNA copy of a variant RNA1, in which two point mutations closed the open reading frame of B2 on subgenomic RNA3. These flies synthesized only weakly detectable RNA1 and no detectable RNA3. Moreover, progeny of genetic crosses with flies containing the gene for RNA2 did not synthesized FHV particles nor did these flies succumb to infection. These results clearly indicated that the presence of B2 is critical for replication of FHV RNAs and establishment of a productive infection. In a crucial experiment these authors also showed that replication of RNA1 and RNA3 in the absence of B2 is restored to wt levels when the transgene is expressed on a Dicer-2 mutant background. These results firmly established that B2 functions in vivo to counter the effects of Dicer-2. Analogous conclusions were drawn by Wang et al. [63] who used Drosophila embryos in their studies. Injection of wt Drosophila embryos with wt RNA1 produced abundant amounts of progeny RNA1 and RNA3, while embryos injected with the B2 deletion variant did not show any accumulation of progeny RNA. However, when mutant embryos that lacked either a functional ago-2 or dcr-2 allele were used, efficient replication of RNA1 and RNA3 in the absence of B2 was restored. Both groups reported that mutant flies lacking a critical component of the RNAi pathway, for example Dcr-2 or R2D2, show increased susceptibility to wt FHV as reflected by shorter survival times when compared to wt flies infected with wt FHV. This indicates that flies use RNAi to slow progression of the infection and that suppression of this pathway by B2 eventually leads to uncontrolled viral replication and death of the insect. In addition to Drosophila flies, FHV has been shown to infect and multiply in a variety of medically important insects that represent different taxonomic orders. These include several species of mosquitoes, the tsetse fly, a vector for transmission of sleeping sickness and the reduviid bug, which transmits Chagas disease [64, 65] . Furthermore, an FHV vector that expresses GFP in adult mosquitoes could be constructed by taking advantage of the coding capacity of a defective-interfering RNA derived from RNA2 [64] . Taken together, these results suggest that FHV may be of general usefulness for the study of virus-host interactions in medically important insects and possibly for the development of insect-specific gene expression vectors. Cell. Mol. Life Sci. Vol. 65, 2008 Review Article
FHV genome recognition and assembly
During FHV assembly, specific packaging of the viral RNAs into progeny particles is mediated by concerted interactions of coat protein subunits with each other and with genomic RNA. In general, viral assembly is an attractive target for antiviral therapy because it is key to the spread of infection through the host. However, important gaps in our current understanding of viral assembly hamper the development of antiviral drugs that target this step of the viral life cycle. Simple RNA viruses, such as FHV, whose viral capsids are made from a single gene product and whose genomes have minimalist coding potential, act as valuable model systems for studies on how the nucleocapsid components of more complex RNA viruses are assembled. One major advantage offered by FHV is that its nucleocapsid does not represent an assembly intermediate, like the core of a multi-layered particle, but a stable infectious form that can be propagated in abundance for molecular biological, biophysical and structural analyses.
FHV virion properties. The FHV capsid is approximately 35 nm in diameter and consists of 180 copies of a single coat protein, alpha, arranged with T = 3 icosahedral symmetry ( Fig. 4A and B) . Protein alpha adopts three slightly different conformations depending on its location in the triangular asymmetric unit. Two different types of contacts between the 60 asymmetric units in each particle give rise to the spherically closed, icosahedrally symmetric shell [66] . The differential interactions are partly controlled by double-stranded regions within the packaged RNA. At the twofold axes of symmetry, the presence of duplex RNA forces flat contacts between asymmetric units, while the absence of these duplexes at quasi-twofold axes allows the formation of the bent contacts [67] . The packaged genomic RNA thus plays an important role in controlling the geometry and symmetry of the FHV particle [19] . A significant fraction of the packaged RNA was visualized by Xray crystallography and electron cryomicroscopy. This fraction represents double-helices and the symmetrically related pieces give the appearance of a dodecahedral cage in the interior of the particle [67 -69] . Most of the alpha protein subunits in the mature, infectious FHV particle consist of coat protein beta (~38 kDa) and its cleavage product gamma (5 kDa), which are produced by autocatalytic cleavage of coat precursor protein alpha (~43 kDa) [12] after assembly. Protein beta contains a central anti-parallel bbarrel with elaborate loops between the b-strands (Fig. 4A ) [20] . The N and C termini of beta and gamma are located inside the virus particle and are in close contact with the packaged RNA.
Determinants for specific genome recognition. Several coat protein regions and RNA encapsidation signals for the specific recognition of the two genomic RNAs of FHV have been identified. The N-terminal 31 residues of the FHV coat precursor protein alpha contain important determinants for the packaging of RNA2, because mutants lacking these residues predominately package RNA1 [70] . The N terminus is, however, not only required for specific genome recognition but also aids duplex regions within the packaged genomic RNA in controlling the different contacts between triangular asymmetric units at the twofold and quasi-twofold symmetrical axes [67, 71] . This is evident from the high resolution structure of Pariacoto virus, a nodavirus isolated in Peru, and from aberrant assembly of the FHV N-terminal deletion mutant when synthesized in a baculovirus expression system [71] . In this system the mutant protein assembles into multiple types of particles, including smaller "egg"-shaped particles with regions of symmetry that are similar to those of T = 1 particles. The shape and size of these aberrant particles is furthermore controlled by the length of the packaged cellular RNA in this heterologous system. Specific genome recognition is also dependent on residues at the C terminus of precursor protein alpha [72] . The involvement for this portion of the coat protein, which is not visible in the crystal structure of FHV, is manifested in the packaging of heterogeneous cellular RNAs by C-terminally truncated mutants [72] . Single-site amino acid substitution mutants furthermore pinpointed three phenylalanines located within the last six residues of protein alpha as critical determinants for the specific packaging of RNA1 and RNA2. It was proposed that the aromatic side chains of these residues specifically connect with the viral RNA via base stacking interactions. In addition to coat protein domains, evidence for the involvement of a cis-acting RNA packaging signal in specific genome recognition has also been obtained [73] . It was demonstrated that the specific incorporation of an RNA2-derived defective interfering RNA into FHV virions is dependent on a predicted stemloop structure proximal to the 5'-end of RNA2 (nucleotide 186 -217). This stem-loop was hypothesized to be required for the packaging of genomic RNA2 as well, although this has not yet been proven directly. Analogous stem-loop structures have been predicted at similar locations in RNA2s of other nodaviruses, suggesting that the putative packaging signal may be conserved [73] . During FHV assembly, both RNA1 and RNA2 are packaged into a single particle [4] . Convincing evidence for co-packaging was established with the discovery that heating of FHV particles to 658C results in the formation of an RNA1/RNA2 heterocomplex that is stabilized by non-covalent interactions between the two genomic RNAs. However, the mechanism by which FHV copackages its multipartite genome is still unknown. It is unlikely that RNA1-RNA2 interactions prior to assembly allow the genome to be packaged as a complex, because it has been demonstrated that packaging of RNA1 and RNA2 is independent of each other [70, 74] . An alternate hypothesis is that RNA1 and RNA2 are packaged sequentially similar to that proposed for bacteriophage f6, [75] . In this model, one genomic strand would interact with a specific binding site on the coat protein and a conformational change within this protein would enable the packaging of the second strand. No experimental evidence in support of such a model has been obtained to date, and the mechanism underlying the specific packaging of the multipartite genome of FHV remains a mystery. The packaging of FHV RNA is not only controlled by specific RNA-protein interactions but also by coupling between RNA replication and genome recognition. These processes are linked in such a way that only coat proteins translated from RNA that was generated by replication efficiently recognize the viral genome for packaging [74] . The link between replication and translation is even broader in that only coat protein subunits translated from RNA replicons participate in formation of the virus particle [76] . This was shown in a recent study in which coat proteins carrying either FLAG or hemagglutinin epitopes were synthesized from replicating and nonreplicating RNA within the same cell. The differentially tagged proteins segregated into two distinct populations of virus particles with different RNA packaging characteristics. Particles assembled from coat proteins that were translated from replicating RNA contained the viral genome, while those assembled from coat proteins translated from nonreplicating RNA contained random cellular RNA. RNA replication, coat protein synthesis and the assembly of virions with genomic RNA are therefore processes that are tightly coupled during the lifecycle of FHV. An explanation for the manner in which these processes are coupled is that they take place in a restricted cellular compartment. According to this hypothesis, coat protein translation from replicating RNA is confined to a cellular location adjacent to the sites of RNA accumulation. The resultant spatial coordination between pools of coat proteins and viral RNA would explain why only proteins that are synthesized from replicating RNA partake in specific genome recognition and virion assembly. However, more complex scenarios in which translation from replicating RNA2 somehow enables an FHV-specific trafficking mechanism linking newly synthesized coat proteins to subcellular compartments for virion assembly cannot be excluded at this point.
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FHV particles as a display system for heterologous peptides and proteins
The FHV coat protein contains a central b-barrel motif whose anti-parallel strands are connected by surface-exposed loops of various sizes and shapes. The b-barrel is highly conserved in alphanodaviral coat proteins, whereas the structure of the loops varies considerably. This suggests that a given coat protein might tolerate certain changes in these loops without losing its ability to fold correctly and assemble into particles.
The first study that employed FHV coat protein as a carrier for presentation of a foreign peptide focused on the antigenicity of a seven amino acid epitope derived from the V3 loop of HIV-1 gp120 [77] . The peptide was inserted into four different FHV coat protein loops found at amino acid positions 303, 268, 205 and 131 (Fig. 4) . The goal of the study was to test whether display of the V3 peptide in the context of the FHV coat protein would restrain its structure and eliminate the many antigenically irrelevant, low energy conformations that free peptides assume in solution. HIV-1-positive antisera showed differential reactivity toward the four chimeric proteins presumably because the V3 peptide adopts a different conformation at each insertion site. The protein most efficiently recognized by the antisera carried the peptide at position 268. Subsequent molecular modeling studies indicated that at this position the peptide probably adopts a conformation that most closely resembles that observed for the same peptide in a complex with an HIV-1-neutralizing antibody. Additional studies using peptides derived from HIV-1 gp41 [78] , HCV core and E1 protein [79 -81] and HBV S-antigen [81] illustrated the usefulness of the FHV epitope presentation system for characterization of patient antisera. In addition, it was shown that such chimeric proteins can be used to induce antibodies to the peptide of interest, including antibodies against the C-terminal end of the IgE e S2 heavy chain [82] , an HIV-1 co-receptor CCR5 peptide [82] , peptides from HCV core and E1 proteins as well as a peptide derived from the HBV S-antigen [83] . All of these studies employed FHV chimeric protein in monomeric form, obtained after electroelution from denaturing SDS-polyacrylamide gels or resolubilization of inclusion bodies generated in E. coli. The true power of the FHV system, however, particularly for the purpose of generating antibodies, resides in the ability of the viral protein to assemble into virus-like particles and to present a foreign peptide in a multivalent, highly ordered array. Such ordered arrays lead to very efficient cross-linking of B cell receptors and therefore faster and more robust B cell proliferation [84 -86] . Using this strategy the choice of loops that can be targeted for insertion is limited to those located on the surface of the virion. In addition, there has to be sufficient space for the extra protein moiety to avoid interference with the assembly process and destabilization of the resulting particle. Two studies have reported the display of foreign peptides and proteins in the context of FHV particles. In the first study, a seven-amino acid peptide derived from the V3 loop of HIV-1 gp120 was inserted at two different positions of the coat protein [87] . At the first site the peptide replaced FHV amino acids 131 -134, whereas at the second site the peptide was inserted between residues 305 and 306. Recombinant protein was expressed in Sf21 cells and FHV particles sedimenting at a similar position on sucrose gradients as wt FHV particles were detectable. Immunization of guinea pigs with cell lysates containing these particles induced high titers of HIVantibodies but only peptide displayed at the second site induced neutralizing antibodies. These results highlight the difficulty of achieving effective antibody responses using peptides as antigens. While presentation in a loop on a carrier protein may be relatively straightforward, mimicking the native conformation of the foreign peptide is considerably more challenging because flanking sequences as well as short and long-range interactions within the carrier protein are likely to exert significant control over the fold of such small insertions. This problem can be circumvented when entire proteins or large protein domains are inserted into the carrier because frequently the two components fold independently of each other into their native conformation. This was demonstrated for FHV when the sequence of the extracellular domain of the anthrax toxin receptor 2 (ANTXR2) was inserted into the two most exposed loops at position 206 and 264 on the FHV coat protein [88] . The extracellular ANTXR2 domain contains 181 amino acids and adopts a compact Rossmann-like a/b fold. Importantly, the termini of this domain are separated by only 4.8 in the native structure, representing an ideal situation for insertion into a loop on a carrier protein.
Indeed, the chimeric proteins assembled into viruslike particles (VLPs) when expressed in Sf21 or Trichoplusia ni cells using recombinant baculovirus vectors. Electron cryomicroscopy and three-dimensional image reconstruction confirmed that both types of particles displayed new density at higher radius. Pseudoatomic models of the particles generated by docking the X-ray coordinates of the FHV coat protein and ANTXR2 domain into the electron cryomicroscopy density revealed the expected differences in the geometric pattern in which the ANTXR2 domains are displayed on the surface. For insertion site 206, the domains are clustered in groups of six at the twofold axes of the particle, whereas insertion at site 264 results in more even distribution of the heterologous protein (Fig. 4) . That the inserted protein is accurately folded was confirmed by demonstrating that the chimeric particles function as an anthrax antitoxin in vitro and in vivo. Specifically, like native ANTXR2, the particles are capable of binding anthrax protective antigen (PA), which forms part of anthrax lethal toxin and edema toxin. Based on this ability, the particles could potentially be used as a therapeutic compound to treat anthrax infections. Interestingly, because of the differences in ANTXR2 display pattern, the two types of VLPs show different potencies as an antitoxin, with chimera 264 having a lower IC 50 for toxin neutralization than chimera 206.
Computational modeling suggested that this is because chimera 264 binds more PA molecules than chimera 206. Although both particles display 180 ANTXR2 domains, steric hindrance prevents full occupancy of these ligands. Instead, it was predicted that chimera 264 binds 120 -130 PA molecules, whereas chimera 206 can only bind 60 -90 PA molecules.
Given that the binding of PA to ANTXR2 is exceptionally strong (K D = 170 pM) complexes formed between the chimeric particles and PA can be expected to be very stable. This prompted immunogenicity studies based on the assumption that polyvalent display of PA would induce a more potent immune response to this antigen than monomeric, recombinant PA, which is being developed as a second generation anthrax vaccine. Indeed, rats survived lethal toxin challenge 4 weeks after a single immunization with the VLP 264-PA complex, whereas animals injected with an equivalent amount of recombinant PA died. This result reflects rapid production of neutralizing antibodies in the absence of an adjuvant, two key goals for the development of an improved anthrax vaccine. Immunized rats also synthesized antibodies against FHV coat protein but autoantibodies against ANTXR2 were undetectable. The chimeric FHV particles thus serve a dual purpose in functioning as an anthrax toxin inhibitor and in forming a basis for development of a new anthrax vaccine.
Concluding remarks
As an insect pathogen, FHV is neither of biomedical nor economic importance. However, it should be evident from discussions within this article that research on this virus has significantly expanded our understanding of the molecular and cellular biology of RNA viruses. We therefore expect continued use of this highly tractable experimental system for research on viral processes such as RNA replication and viral assembly, as well as studies aimed at developing a better understanding of antiviral immunity in insects. In addition, the utility of FHV particles as platforms for multivalent display inspires future biomedical applications for this virus, including the production of additional FHV-based vaccines and the development of viral gene delivery systems.
